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VolatilesThe plastoglobule-targeted enzyme carotenoid cleavage dioxygenase (CCD4) mediates the formation of
volatile C13 ketones, such as β-ionone, by cleaving the C9-C10 and C9'-C10' double bonds of cyclic carotenoids.
Here, we report the isolation and analysis of CCD4 genomic DNA regions in Crocus sativus. Different CCD4
alleles have been identiﬁed: CsCCD4a which is found with and without an intron and CsCCD4b that showed
the presence of a unique intron. The presence of different CCD4 alleles was also observed in other Crocus
species. Furthermore, comparison of the locations of CCD4 introns within the coding region with CCD4 genes
from other plant species suggests that independent gain/losses have occurred. The comparison of the
promoter region of CsCCD4a and CsCCD4b with available CCD4 gene promoters from other plant species
highlighted the conservation of cis-elements involved in light response, heat stress, as well as the absence
and unique presence of cis-elements involved in circadian regulation and low temperature responses,
respectively. Functional characterization of the Crocus sativus CCD4a promoter using Arabidopsis plants stably
transformed with a DNA fragment of 1400 base pairs (P-CsCCD4a) fused to the β-glucuronidase (GUS)
reporter gene showed that this sequence was sufﬁcient to drive GUS expression in the ﬂower, in particular
high levels were detected in pollen.nase; DSBs, double-stranded
otenoid dioxygenases; NHEJ,
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Carotenoids are isoprenoid pigments synthesized by all photosyn-
thetic organisms and some nonphotosynthetic bacteria and fungi. In
plants, carotenoids are essential in protecting the photosynthetic
apparatus from photo-oxidation, and represent essential constituents
of the light-harvesting and reaction centre complexes. The oxidative
cleavage of carotenoids occurs in plants, animals, and micro-organisms
and leads to the release of a range of apocarotenoids that function as
signalling molecules with diverse functions [1,2], including the ubiqui-
tous chromophore retinal, plant hormone abscisic acid and strigolac-
tones. Other apocarotenoids with unknown functions in plants but with
high economic value are bixin in Bixa orellana and saffron in Crocus
sativus [3], used as a ﬂavouring and colouring agent. Crocus sativus is a
triploid sterile plant, most probably originated by a human-mediated
event, which is propagated by corms. Among all known Crocus species,
Crocus sativus is particularly appreciated due to the high levels ofapocarotenoids on the stigmas that determine the commercial value of
this plant. Hence, studying apocarotenoid formation in all these species
will help to determine the mechanisms underlying apocarotenoid
accumulation.
The synthesis of apocarotenoids is initiated by the oxidative cleavage
of double bonds in its stigmas carotenoid backbones, catalyzed by
carotenoid oxygenases, which are nonheme iron enzymes present in all
taxa [1,4]. The ﬁrst gene identiﬁed as encoding a carotenoid cleavage
dioxygenase was the Vp14 maize gene required for the formation of
abscisic acid (ABA) [5]. On the basis of their substrate speciﬁcity, VP14
and its orthologous have been termed 9-cis epoxy-carotenoid dioxy-
genases (NCEDs). Plants possess a second group of carotenoid oxyge-
nases, carotenoid cleavage dioxygenases (CCDs), which act on different
carotenoid substrates [1]. These include CCD1, CCD4, CCD7 and CCD8.
Plants release volatile apocarotenoids, including C13 ketones such as
β-ionone and damascone, which constitute an essential aroma note in
tea, grapes, roses, tobacco and wine. Two classes of CCD enzymes have
been implicated in plant volatile production, CCD1 and CCD4. Both plant
enzymes cleave C(40) carotenoids at the C9-C10 and C9'-C10' double
bonds into C14 dialdehydes, which are common to all carotenoid
substrates, and two variable end-group-derived C13 ketones [1]. The
CCD1 enzymes act in the cytosol, where most probably are involved in
apocarotenoid cleavage, whereas CCD4 enzymes have been shown to
Table 1
Crocus species and populations sampled for CCD4a and CCD4b genomic sequences: a+:
CCD4a plus intron; b+: CCD4b plus intron; a−: CCD4aminus intron; b−: CCD4bminus
intron.
Series Nomenclature Origin of plant material CCD4 alleles
a+ b+ a− b−
Crocus Crocus sativus L. Spain, Tarazona + + + −
Crocus sativus L. China, Yunan (C 395) + + + −
Crocus sativus L. Greece, Kozani, Krokos + + + −
Crocus sativus L. Iran, Mashhad, + + + −
Crocus sativus L (UK) + + + −
C. oreocreticus B.L. Burtt (GKØ00-32)
Greece, Creta, Mt Dikti
+ + − −
C. oreocreticus B.L. Burtt (G94-15) Greece,
Creta, Rethimno
+ + − −
C. cartwrightianus Bory and Chaub (12629)
Greece, Nomos Atiki, Plaka
+ + − −
C. cartwrightianus Bory and Chaub (GJLL 01-56)
Greece, Nomos Atiki, Mt. Imitos
+ + − −
C. cartwrightianus Bory and Chaub (NJG 98-112)
Greece, Nomos Atiki, Keratea
+ + + −
C. cartwrightianus Bory and Chaub (12627)
Greece, Nomos Atiki, Ch. Taxiarchiso
+ + − −
C. cartwrightianus Bory and Chaub (GKØ00-8)
Greece, Creta, Hania
+ + + −
C. cartwrightianus Bory and Chaub (GKØ00-44)
Greece, Creta, Hania
+ + + −
C. hadriaticus Herbert (Ø01-124) Greece,
Kefalonia, Mt Etnos
+ + − −
C. hadriaticus Herbert (J01-37) Greece,
Peloponnese, W of Pelei
+ + − −
C. hadriaticus Herbert (ØJ01-32) Greece,
Peloponnese, N of Vasilios
+ + − −
C. hadriaticus Herbert (GNJ01-141) Greece,
Peloponnese, Nomos Arkadia
+ + − −
C. hadriaticus Herbert (ØJ01-40) Greece,
Peloponnese, Mt Didima
++ + − −
C. hadriaticus Herbert (G98-31) Greece,
Peloponnese, Mt Taigetos
++ + − −
C. pallasii Goldb ssp pallasii (GKØ01-64)
Greece, Lesbos, above Agra
− + + −
C. pallasii Goldb ssp pallasii (GKØ01-36)
Greece, Lesbos, Mt Olymbos
+ + − −
C. pallasii Goldb ssp pallasii (GKØ01-45)
Greece, Lesbos, Petra to Kalloni
− ++ − −
C. pallasii Goldb ssp pallasii (GKØ01-61)
Greece, Lesbos, above Agra
+ + − −
Longiﬂori C. medius Balbis (C 430) − − + −
C. medius (UK) − − + −
C. goulimyi (UK) − − + −
C. goulimyi Turrill (Ø01-12) Greece,
Peloponnese, N Pirgos Dirou
− − + −
C. niveus Bowles (00-154) Greece,
Peloponnese, Nomos Arkadia
− − + −
C. niveus (UK) − − + −
C. nudiﬂorus (UK) − − + −
Versicolores C. imperati (UK) − − + −
Kotschyani C. ochloroleucus (UK) − − + +
C. kostcyanus (UK) − − + −
Speciosi C. pulchellus Herbert (98-81) Greece,
Mt Pangaeon
− − + −
C. pulchellus (I-19) UK, Kew Gardens − − + −
C. speciosus M. (UK) − − + +
C. speciosus M. Bieb (C12) without origin − − + +
+: indicates the presence of one copy of that gene; ++: indicates the presence of two
copies.
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direct involvement in volatile formation. The ﬁrst member of the CCD4
subfamily was identiﬁed in Chrysantemum morifolium [6] and the
enzymatic activity has been recently characterized in Crocus sativus [7],
C.morifolium,Arabidopsis thaliana, Rosa damascena, andMalus domestica
[8].
The different CCD families are characterized by the heterogeneity in
their gene structures, with genes containing no introns or containing as
many as 10 introns, as in the human gene β, β-carotene-15,15-
dioxygenase (BCMO) [9] or 11 and 13 introns for the case of the CCD1
genes of rice and Arabidopsis [1], respectively. The plant group of CCDs
containing CCD7 and CCD8 is characterized by the presence of multiple
intron sequences in all the available genes. The CCD7 genes from
petunia, rice and pea are characterized by the presence of 6 introns
[10,11], whereas 5 introns are present in the CCD7 gene of Arabidopsis
[12], while four of these introns are well conserved among these plant
species [11]. The CCD8 of Arabidopsis and petunia also contains 5 intron
sequences. (http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/av.
cgi?db=ara&q=CCD8; [13]. By contrast, compared with the CCD1 and
the CCD7/8 groups, the CCD4 group seems to contain genes without
intron sequences or with one or two introns [6,8,14].
The genomic structure of a gene determines its regulation. Gene
regulation is mainly determined by the promoter region, but several
other types of gene regulation, both positive and negative, involve
plant introns. Some introns contain enhancer elements or alternative
promoters, while many others elevate mRNA accumulation by a
different process that has been named intron-mediated enhancement
(IME), which is thought to result from synergistic interactions
between the factors involved in the various steps of gene expression
from transcription to translation [15]. Furthermore, conservation of
exon–intron structure in clades of orthologous genes, as well as in
families of paralogous genes and protein superfamilies, support the
use of gene features as sources for phylogenetic inference [16]. Thus,
the knowledge of the genomic structure is important in order to
characterize gene families and for the establishment of evolutionary
relationships.
In this report, we have isolated and compared the genomic structure
of the CCD4 genes of Crocus sativus and compared it with its allies and
with other plant species, and determined the intron presence and
conservation of intron arrangement within this CCD family. In addition,
we have isolated and analysed the genomic DNA sequence upstream
from the CCD4 genes of Crocus sativus, which were analysed along with
other CCD4 promoters (Arabidopsis, rice, tomato, poplar, papaya, Vitis,
Medicago and Brassica) in order to identify common cis-regulatory
motifs and compare the distribution patterns of thesemotifs. The spatial
and temporal activity of the putative CsCCD4a promoter from Crocus
sativus fused to the β-glucuronidase (GUS) gene in stably transformed
Arabidopsisplantswas also assessed, and the localisation of GUS staining
was monitored in different plant tissues.
Materials and methods
Plant material
For this study, we included 14 species of Crocus with a total of 37
different populations. Specimens were obtained from saffron growers
in Tarazona de La-Mancha (Spain), from Dr. U. Jacobsen from the
Agricultural University of Denmark and from private collections in the
UK (Potterton Nursery) (Table 1). Plant tissues were independently
harvested and frozen in liquid nitrogen and stored at −80 °C until
required.
Seeds from Arabidopsis wild type Columbia ecotype (Col-0), and
transgenic lines were sown in pots and watered with nutrient solution
under a controlled environmentwith 16 h light/8 h dark cycles at 22 °C.
Seeds from transformed Arabidopsis plants were surface sterilized by
rinsing them in 70% (v/v) ethanol for 1 min, followed by a 15 mintreatment in 10% (v/v) bleach+0.05% (v/v) Triton X-100 and three
rinses in sterile distilled water.
Isolation of CsCCD4a and CsCCD4b genomic clones
Genomic DNA samples were prepared from Crocus leaves by using
a CTAB (hexadecyltrimethylammonium bromide) method. The
isolated DNA was quantiﬁed and ampliﬁed via PCR in a BioRad MJ
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different Crocus species, the primers CsCCD4a-f, CsCCD4b-f and
CsCCD4a/b-r (Table 2) were used. PCR products were puriﬁed from
0.8% agarose gels with the Wizard SV Gel and PCR Clean-Up System
(Promega, Madison, WI). The PCR products were then cloned into the
pGEM-T Easy plasmid vector using a TA cloning ligase kit (Promega,
Madison, WI). For each sample, 12–20 transformed colonies that
contained the PCR insert were sequenced with Sp6 and T7 primers
using an automated DNA sequencer (ABI PRISM 3730xl, Perkin Elmer)
from Macrogen Inc. (Seoul, Korea).
Isolation of putative CCD4 promoter from Crocus sativus
Genomic DNA was prepared from Crocus sativus leaves by using a
CTAB method. The Crocus sativus CCD4 upstream ﬂanking sequences
were isolated with the GenomeWalker Universal Kit (BD Biosciences,
Palo Alto, CA, USA) using two nonoverlapping gene speciﬁc primers:
CCD4-P-r1 and CCD4-P-r2 (Table 2), based on the CCD4 cDNA sequences
obtained (Genbank accession numbers ACD62476 and ACD62477). All
PCR reactions were performed using Advantage 2 Polymerase mix (BD
Biosciences, Palo Alto, CA, USA). Two rounds of PCR ampliﬁcation using
the CCD4-P-r1 primer with an adapter-speciﬁc primer and the nested
PCR ampliﬁcation with CCD4-P-r2 and another adapter-speciﬁc primer
gave fragments around1400 base pairs. All PCRproductswere ligated to
pGEM-T with the TA Cloning Kit (Promega, Madison, USA). The ligated
DNAwas transformed into E. coli strain JM109. The clones (50 colonies)
were picked individually and ampliﬁed in 3 ml of LB medium at 37 °C
overnight. The plasmid DNA from each clonewas extracted using a DNA
Plasmid Miniprep Kit (Promega, Madison, WI, USA). Plasmids were
sequenced using an automated DNA sequencer (ABI PRISM 3730xl,
Perkin Elmer) fromMacrogen Inc. (Seoul, Korea).
Promoters were analysed by the FOOTPRINTER programme for the
identiﬁcation of consensus patterns in unaligned DNA sequences [17].
This tool takes into account the evolutionary relationships and distances
between the genes compared (based on a phylogenetic tree).
Sequence analyses
Sequence analyses performed in this study used publicly available
genomic sequences of CCD4 (Table 3) CCD1, CCD7 and CCD8. The gene
prediction programmeGenScanwas used to predict the gene structures
for the CCD genes, together with GenBank using NCBI BLAST
programmes. Putative cis-regulatory elements shown in this study
and their positions were identiﬁed with the use of PlantCare software
[18].
Phylogenetic analysis
A phylogenetic analysis was initially performed with representa-
tive members of the different carotenoid cleavage enzymes obtained
from Genbank. All the CCD proteins that fell into the same groupwere
named accordingly as CCD1, CCD4, CCD7 and CCD8. The CCD4 proteins
were extracted and used for a more exhaustive identiﬁcation of
additional CCD4 enzymes to be used for a CCD4 phylogenetic analysis.
To construct the phylogenetic trees, the amino acid sequences wereTable 2
Primer sequences used for CsCCD4 gene analysis and promoter isolation.
Primer Sequence
CsCCD4af 5′-CAATCTCAAGTATTAGCATTC-3′
CsCCD4bf 5′-CACTACCCATCTCATCAAGA-3′
CsCCD4a/b-r 5′- CTGCTGTGACAGCAGCTCAGC-3′
CCD4-P-r1 5′-CTTGTTGATACTGATACTCTTCT-3′
CCD4-P-r2 5′-TTGCCGGGTGAGGGAAAGTGGA-3′
att_ccd4prom_f3 5′-GGGGACAAGTTTGTACAAAAAAGCAGGC
att_ccd4prom_r2 5′-GGGGACCACTTTGTACAAGAAAGCTGGGaligned using the BLOSUM62matrix with the ClustalW (http://www.
clustal.org) algorithm-based AlignX module from MEGA Version 4.0
(http://www.megasoftware.net/mega.html). The alignments were
saved and executed by MEGA Version 4.0 to generate Neighbour
Joining Tree with bootstrapping (500 replicates) analysis and
handling gaps with pairwise deletion.
Arabidopsis transformation
Toproduce transgenic plants inwhich theGUSproteinwas expressed
under the control of the CsCCD4a promoter, the vector pGWB3was used
[19]. The strategy followed for cloning the CsCCD4a promoter in this
vectorwas based on Gateway Technology, and the oligonucleotides used
were attb1_ccd4prom_f3 and attb2_CDD4prom-r2 (Table 2) present in the
coding sequence. The ampliﬁed fragmentwas introduced into the vector
pDONR™221 (Invitrogen, Carlsbad, CA) by a BP recombination reaction,
and from this vector to the destination vector pGWB3 by a LR
recombination reactionusingGatewayTechnology (Invitrogen, Carlsbad,
CA). The recombinant CCD4a::pGWB3 vector was transferred into
Agrobacterium tumefaciens strainGV3101byelectroporation andbacteria
were selected on YEB agar with 50 μg mL−1 kanamycin and hygromycin
and 100 μg mL−1 rifampicin and 25 μg mL−1 gentamicin. Arabidopsis
plants were transformed by ﬂoral dipping [20] and transformants
selected on Murashige and Skoog agar with 50 μg mL−1 kanamycin and
hygromycin.
Histochemical β-glucuronidase (GUS) staining
The GUS activity of transgenic T3 Arabidopsis plants was analysed by
histochemical staining using 5-bromo-4-chloro-3-indolyl glucuronic
acid (X-gluc) as described [21]). Brieﬂy, whole plants at various stages
were immersed in an X-gluc solution (1 mM X-gluc, 50 mM sodium
phosphate (pH 7.0), 0.1% Triton X-100), and after applying vacuum for
5 min, were incubated at 37 °C until satisfactory staining was observed.
For better visualization of stained tissue, samples were rinsed, at room
temperature, with an ethanol series for at least 1 h to remove
chlorophyll. Images were taken using a Leica MZ16F stereomicroscope.
Results
The CCD4 protein family
BLAST was utilized to search the Genbank database with reported
CCD4 protein sequences as queries. In model species for which the
genome is completely sequenced, 26 CCD4 genes were identiﬁed
(Table 3): 1 in A. thaliana, Artemisia annua, Brachypodium distachyon,
Brassica rapa, Carica papaya and Glycine maxima, 2 in Oryza sativa,
Shorghum bicolour, Solannum lycopersicum and Zea mays, 3 inMedicago
truncatula, 4 in Vitis vinifera and 5 in Populus trichocarpa. Table 2 also
includes other genomic sequences previously identiﬁed in Citrus [22],
Crocus sativus [7], Lactuca sativa [23],M. domestica , O. fragans,
R. damascena, and C. morifolium [6,8]. In addition, 5 more CCD4 genes
were identiﬁed in 5 other plant species.
The physical gene distribution was analyzed in the species withmore
thanoneCCD4 genepresent in the same chromosome (Fig. S1). TheVitis aOrientation
Sense
Sense
Antisense
Antisense
Antisense
TCCGTTGTCCATCTTCTGTTCCTCT-3′ Sense
TCGAGAAGGGAGTGGAGCATGCCGTCG-3′ Antisense
Table 3
CCD4 genes, proteins and gene structure in several plant species.
Organism Protein Chromosome and location Genomic sequence No. introns Intron length Ref
Arabidopsis thaliana AtCCD4 Np_193652.1 IV, 10481786-10483857 AL161550.2 0
Artemia annua AaCCD4 EZ188260 0
Brachypodium distachyon BdCCD4 III, 155125-153498 ADDN01001089 0
Brassica rapa BrCCD4a VI AC232508.1 0
Carica papaya CpCCD4 ABIM01016290 0
Cucumis sativus CcsCCD4 ACHR01009958 0
Chrysanthemum x morifolium CmCCD4a ABY60885 1 105 [6,8]
CmCCD4b BAF36656.2 Unknown
Citrus clementina CcCCD4a ABC26011 Unknown [22]
CcCCD4b ABC26012 Unknown
Crocus sativus CsCCD4a ACD62476.1 1 and 0 666 [7]
CsCCD4b ACD62477.1 1 525
Glycine max GmCCD4 ACUP01000498 1 669
Hordeum vulgare HvCCD4 AK248229.1 Unknown
Lactuca sativa LsCCD4 AB120111 Unknown [23]
Malus domestica MdCCD4 EU327777 1 1285 [8]
Medicago truncatula MtCCD4a V, 23071-21329 CT025839.21 0
MtCCD4b V, 37397-39133 CT025839.21 0
MtCCD4d V, 46180-47913 CT025839.21 0
Osmanthus fragans OfCCD4 EU334434 2 1942, 491 [8]
Oryza sativa OsCCD4a NP_001047858.1 II, 29046669-29044592 AP008208.1 0
OsCCD4b ABA97976.1 XII, 14279169-14277220 AP008218.1 0
Picea sitchensis PcsCCD4 ABK24456 Unknown
Pisum sativum PsCCD4 BAC10552 Unknown
Populus trichocarpa PtCCD4a XP_002307055 V, 685642-684119 NC_008471.7 0
PtCCD4b XP_002326037 XIX, 10102690-10100921 NC_008485.1 0
PtCCD4c XP_002312876 IX, 990213-992488 NC_008475 1 696
PtCCD4d XP_002312877 IX, 1004373-1006130 NC_008475 0
PtCCD4e XP_002312878 IX, 1015994-1017778 NC_008475 0
Ricinus communis RcCCD4 XP_002519944 NW_002994348 0
Rosa x damascena RdCCD4 EU334433 0
Shorghum bicolor SbCCD4a IV, 10190662-10191240 NC_012873.1 0
SbCCD4b IV, 60615854-60617290 NC_012873.1
Solanum lycopersicum SlCCD4a VIII, 48149-46341 AP009393.1 1 78
SlCCD4b VIII, 65635-63288 AP009393.1 1 566
Vitis vinifera VvCCD4a XP_002268404.1 II, 17383078-17385173 NC_012008.2 0
VvCCD4b XP_002270161.1 II, 17412105-17414090 NC_012008.2 0
VvCCD4c XP_002269538.1 XVI, 792204-802594 NC_012022.2 1 8649
VvCCD4d XP_002269309 XVI, 721247-720579* NC_012022.2 0
Zea mays ZmCCD4a IV AC190588 0
ZmCCD4b V AC194862 0
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identity to each other. By contrast, the Vitis c and d genes in chromosome
XIV, separated71.6kbp showed97% identity in677nucleotides, but along
the regionwhere this truncated gene is located, two additional fragments
of 164 and 125 bp at 4826 and 4950 bp from the 5’ end of the truncated
clone are present (Fig. S1). The M. truncatula, S. lycopersicum and
P. trichocarpa genomes showed that the CCD4 genes consecutively
located in the same chromosome showed high identities to each
other, suggesting that they were generated via tandem duplica-
tions from one of the genes. S. lycopersicum genes, located in
chromosome VIII and separated 14.4 kbp showed 82% identity. The
M. truncatula CCD4 genes located in the same chromosome
showed identities over 82% and were separated 14.3 kbp (a and
b) and 7.0 kbp (b and c). The P. trichocarpa genes PtCCD4c,
PtCCD4d and PtCCD4e, located in chromosome IX, and separated
9.8 Mb (c and d) and 11. 9 Mb (d and e) showed over 92% identity.
Tandemly duplicated genes are considered to be relatively
younger than the genes duplicated via whole-genome duplication
[24,25], and show high identity sequence levels. By contrast, in Z.
mays and O. sativa the two genes were located in different
chromosomes. Rice genes showed 62% identity, which is similar to
the identities observed between CCD4 genes from different plant
species, and the Vitis genes located in different chromosomes
showed identities around 54 and 53%. Although located in
different chromosomes the poplar genes PtCCD4a and PtCCD4b
showed 96% identity, this high similarity could be due to the factthat duplication events, nucleotide substitutions, tandem gene
duplications, and gross chromosomal rearrangement appear to
proceed substantially more slowly in poplar than in other plant
species [26].
The CCD4 proteins were used to study the phylogenetic relation-
ships. The phylogenetic tree with representative members of the
different carotenoid cleavage dioxygenases and the CCD4 phylogenetic
tree suggested that the CCD4 plant proteins could derive from a
common ancestor, with themonocotyledon group later being separated
(Fig. S2 and Fig. 1). All the deduced amino acid sequences of CCD4
proteins contain a plastid-targeting transit peptide at the N-terminus
and four highly conserved His residues (Fig. S3) that may be involved in
coordinating a nonheme iron that is required for enzymatic activity
[5,27].
Genomic organization in Crocus sativus
Using speciﬁc oligonucleotides forCsCCD4a andCsCCD4b, we isolated
four genomic clones from Crocus sativus leaves (Fig. 2A and B). Two
copies presented one intron, other copy contained no intron sequences
and a third copy was a truncated clone previously described [7], which
has been only detected in Crocus sativus. CsCCD4a and CsCCD4b are
considered to be alleles and their presence could be due to the hybrid
origin ofCrocus sativusand its triploidnature. Two relatedCrocus species,
C. cartwrigthianus and C. hadriaticus have been suggested as possible
parentals of Crocus sativus [28]. Therefore, the presence of CCD4 was
Fig. 1. Phylogenetic tree of the CCD4 proteins based on amino acid sequence similarity. Bootstrapping values (500 replicates) are shown on the tree. Only full-length members of the
family are included. The predicted protein sequences were initially clustered using ClustalW. Accession numbers are in Table 3.
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homologous geneswere found to be polymorphic among and in someof
the analysed species. Interestingly, major differences were found for
CCD4a genes. Differences in the number of copies could be associated
with the differences observed in chromosome numbers [29]. Sequence
analysis showed that the differences in size observed among the
ampliﬁed products were due to intron absence or presence and intron
length, although intron position was always maintained among the
sequences analysed.Intron distribution in CCD families
To further study the genomic structure of the Crocus sativus CCD4
genes, the genomic cloneswere comparedwith theCCD4 genes found in
the A. thaliana, C. papaya, O. sativa, S. lycopersicum, S. bicolor, V. vinifera,
P. trichocarpa, M. truncatula and B. rapa genomes and the genomic
clones isolated from M. domestica, O. fragans, R. damascena, and C.
morifolium. Table 2 shows the characteristics of the CCD4 genes,
including a comparative analysis of the intron position in thenucleotide
Fig. 2. Gene structure of CCD4. (A) A representative result of an ethidium bromide gel showing PCR ampliﬁcations with the primer sets for CCD4a and CCD4b from genomic DNA
of different Crocus species: Cs, Crocus sativus; Cc1, C. cartwrightianus (12629); Cc2, C. cartwrightianus (12627); Cc3, C. cartwrightianus (G94-15); Ch1, C. hadriaticus (98–31);
Ch2, C. hadriaticus (01–37); Ch3, C. hadriaticus (01–32); Ck, C. kostchyanus; Cpu1, C. pulchellus (98–81); Cpu2, C. pulchellus (I-19); Csp, C. speciosus (UK); Cp1, C. pallasii (01–61);
Cp2, C. pallasii (01–64); Cp3, C. pallasii (01–45); Cn, C. niveus (UK); Co, C. oreocreticus (G94-15). (B) Diagrammatic representation of the CsCCD4 genes of Crocus sativus. Boxes
and lines denote coding regions and introns, respectively. (C) Diagrammatic representation of CCD4 genes of Crysanthemun morifolium (CmCCD4), Glycine max (GmCCD4),
Solanum lycopersicum (SlCCD4a and SlCCD4b), Malus domestica (MdCCD4), Osmanthus fragans (OfCCD4), Populus trichocarpa (PtCCD4c) and Vitis vinifera (VvCCD4c). Boxes and
lines denote coding regions and introns, respectively. Introns sizes are shown by numbers. Three gray columns indicate the three introns positions. (D) Representation of the
direct inverted repeats present in the exon–intron boundaries of CsCCD4a and CsCCD4b introns. Intron sequence (lower case) with the repeat (highlighted in yellow) and splice
sites (bold). The remaining intronic sequence ﬁnds no signiﬁcant BLAST hit within NCBI. (E) Sequence alignment between ﬁve species showing amino acid substitutions around
the intron site. Ms corresponds to the molecular size marker, and Msbp corresponds to the lengths in bp of Ms.
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presence and the pattern position of the introns in the different CCD4
genes were observed (Tables 1 and 3 and Fig. 2C). Introns were not
widely distributed among the sequences analysed; from the available
genomic sequences, only 25% of the sequences contain at least oneintron. The G. maxima gene showed an intron of 669 bp, located at
1,140 bp from the start codon (Fig. 2C). The two S. lycopersicum CCD4
genes showed the presence of one intron, located at 1446 bp from the
start codon but with different lengths, as observed for two of the ﬁve
CsCCD4 genes identiﬁed (Fig. 2C). The M. domestica CCD4 gene has an
245O. Ahrazem et al. / Genomics 96 (2010) 239–250intron of 1285 bp at 535 bp from the start codon [8] (Fig. 2C). For the
CCD4a gene from Chrysanthemum, a 105 bp intron at 1442 bp from the
start codon has been reported [6] (Fig. 2C). Two introns were observed
inO. fragans CCD4, 1942 bp and 491 bp long, and inserted at 878 bp and
1470 bp from the start codon, respectively [8] (Fig. 2C). And ﬁnally, one
intron located close to the5’ endwasdetected inCCD4c frompoplar and
CCD4c from vitis, 696 and 8649 bp long, respectively, and located at 62
and 87 bp from the start codon, respectively (Fig. 2C). The global
analysis of intron positions reveals the presence of threemain insertion
sites for introns in the CCD4 sequences (Fig. 2C). Analysis of the
insertion positions reveals that the ﬁrst and second positions do not
appear to be conserved, whereas introns present close to the 3'end of
the sequence can be considered as shared since they were found in the
same amino acid position in the sequence alignments of the FASTA
formatted ﬁles containing the CCD4 protein.
The intronic sequences of CsCCD4a (GenBank accession no.
FN908206) and CsCCD4b (GenBank accession no. FN908207) showed
a 94% identity. The AT content of both introns (62% and 60.6%)
conforms to the AT-rich bias of introns from other plant genes [30].
Both introns are in phase zero and are inserted in a G|G protosplice
site at 638 and 605 bp from the transcription start codon of CsCCD4a
and CsCCD4b, respectively. Both genes showed practically conserved
the consensus sequences (A/C)AG|GU(A/G)AGU and the CAG|G, at
the donor and acceptor splice sites, respectively (Fig. 2D). In addition,
the acceptor splice sequence was preceded by a polypyrimidine tract,
typical of the acceptor splice site, which is recognised by the U5
snRNA of the splicesoma [31].We observed that short direct repeats of
11 base pairs (ATGCAGGTGA) ﬂank both introns, with one repeat
positioned within the end of an adjacent exon and the other repeat
near the opposite end of the intronic sequence (Fig. 2D). We searched
Blastn and Blastx Genbank and found no signiﬁcant match to these
introns, which do not possess any detectable long inverted repeats
that are often associated with transposable elements nor do they
contain ORFs longer than 30 aa.
It has been proposed that the functionally important (A/C)AG|G
exon sequences ﬂanking introns are relics of recognition signals for
the insertion of introns or protosplice sites [31], and that introns,
indeed, predominantly insert into or are preferentially ﬁxed in speciﬁc
protosplice sites, which have this consensus sequence. Due to the
observed difference in intron presence among the Crocus species
studied, the sequences ﬂanking the intron insertion were analysed
(Fig. 2E). The sequence CAAG|Gt was conserved in the species thatFig. 3. Frequency histograms of intron numbers in all the CCD genes examined. Abscissa, intr
the coding regions as indicated on the abscissa.show introns in the CCD4 genes and in the species that lack introns in
the CCD4 genes, suggesting that these consensus nucleotides ﬂanking
the splice junctions were present in the original protosplice site and
did not evolve convergently after the intron insertion.
Intron number and position have been determined for some CCD1,
CCD7 and CCD8 genes. We also analysed the number of intron
sequences in the available genomic sequences for these gene families
that had not been previously analysed. For CCD1, more than 10 introns
were detected for all the available genomic sequences. Cucumis
sativus, V. vinifera, R. communis, G. maxima, and S. lycopersicum with
12 introns; and P. trichocarpa, Z. mays, B. rapa and S. bicolour
containing 11 introns (Fig. 3). In addition to the already character-
ized CCD7 genes, with four well conserved introns in terms of
position, six introns have been identiﬁed in S. lycopersicum, A. annua,
and S. bicolour (Fig. 3). For CCD8, a total of 5 introns were identiﬁed
in Musa balbisiana, P. trichocarpa, V. vinifera, and B. rapa, whereas 4
introns were detected in Z. mays and S. bicolour (Fig. 3). The results
show that in contrast to CCD1, CCD7 and CCD8 genes where intron
presence and conservation seems to be characteristic of these genes
(Fig. S4), in the CCD4 genes the intron–exon structure is highly
dynamic.
Sequence analysis of CCD4 promoters
The genomic DNA fragment upstream from the CCD4 genes was
isolated by using a PCR based genome walking procedure for Crocus
sativus. Comparison of the CsCCD4a (GenBank accession no.
FN908208) and CsCCD4b (GenBank accession no. FN908209) promot-
er regions showed a 93% identity (Fig. 4A). This high conservation at
the promoter level, together with the high conservation at the level of
the coding sequences, conﬁrmed the allelic relationships of CsCCD4a
and CsCCD4b genes. Both were compared with other promoters, and
the highest identity was obtained with the CCD4a and CCD4b rice
promoter sequences. Pair-wise alignment with these sequences gave
48% identity. Both S. lycopersicum promoter regions showed a 54%
identity, the M. truncatula sequences showed a 52% identity among
each other, and a 51% identitywas found for V. vinifera sequences from
VvCCD4a, VvCCD4b and VvCCD4c/d. The P. trichocarpa promoters of
PtCCD4c, PtCCD4d and PtCCD4e showed 59% identity and 60% identity
between PtCCD4a and PtCCD4b. All the promoters were analysed for
conserved motifs, and overall we observed a poor degree of
conservation among all the promoters analysed (Fig. S5). Theon numbers; ordinate, number of genes, which showed numbers of intron insertions in
Fig. 4. Promoter analysis of CsCCD4. (A) Sequence alignment of CsCCD4a and CsCCD4b promoter regions. The differences between both promoters are highlighted by red boxes.
(B)Visual representation of motifs detected by FOOTPRINTER in the promoters of rice and saffron CCD4 genes (FOOTPRINTER parameters: motif size: 12, allowed mutations 2,
losses).
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several conserved motifs were shared between both promoters, the
spatial organization of these motifs clearly diverged (Fig. 4B).In silico promoter analysis showed that for CsCCD4a the most
proximal putative TATA-boxes were located at−45,−59 and at−82
positions. In CsCCD4b the most proximal TATA-box was located at
Table 4
Promoter elements identiﬁed in the promoter region of the CCD4 genes. Positions of the cis-acting elements are indicated for the CCD4 promoters. These positions are indicated with respect to the ATG initiation codon. Only the elements that
have been localized in CsCCD4a and CsCCD4b promoters are shown.
Category Cis-acting element Sequence 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Light AAGAAmotif gGTAAAG 902 1104 1075 863 982
AAA 744 821 788
ABRE TACGTG 700 807 149 111 1285
1064
Box4 ATTAAT 1181 1297 1080 962 1020 1097 1048 1095 1036 609 1145
828 947 960 616 327 1028 857 296
806 132 669 276 621 68
244 567
G-Box CACGTA 776 1350 807 149 420 211 1283 669 668 1196 751
G-box CACGAC 157 1097 421 1064 217 260 641 1074
149
GA-motif AAGGAAGA 1375 158 1268 1239 1193 1213 584 681 1133
CATT-motif GCATTC 704 388 388 417 738 205
I-box 1315 778 139 980 1231 1045 285
854 157
38
Low temperature LTR CCGAAA 270 269 990
231 230 920
900
Heat Shock element HSE AAAAAAT 389 760 109 599 598 880 1284 864 599 983 281 1088 945 1000 841 1189 519
TTC 452 111 884 1334 269 1051
1011 687
Defense and stress TC-rich repeats ATTTTCTCCA 730 885 887 396 319 1012 780 1280 1138 1175 1214 1219 528
921 1238 639 872
Salicylic acid TCA-element CCATCTTTTT 943 205 204 869 786 310 908 596 276 343 348 337 434 1159
445
MeJas TGACG-motif TGACG 1359 1044 201 22 1182 579
CGTCA-motif CGTCA 1388 1354 604 21 158 419
MYB binding site MBS CGGTCA 1020 608 226 1406 1381 355 472 945 143 930 17 919 924 1140 336
406 403 1098
14 16
Circadian control Circadian CAANNNN 1183 1084 404 254 1079 247 511 834 1107 1290 1070 880 564 800 628 798 442 235 424
ATC 1068 633 753 916 681 718 157
1, A. thaliana; 2, B. napa; 3, C. papaya; 4, Crocus sativus CCD4a; 5, Crocus sativus CCD4b; 6, M. truncatula 1; 7, M. truncatula 2; 8, M. truncatula 3; 9, O. sativa 1; 10, O. sativa 2; 11, P. trichocarpa 1; 12, P. trichocarpa 2; 13, P. trichocarpa 3; 14, P.
trichocarpa 4; 15, S. bicolor; 16, S. lycopersicum 1; 17, S. lycopersicum 2; 18, V. vinifera 1; 19, V. vinifera 2; 20, V. vinifera 3.
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248 O. Ahrazem et al. / Genomics 96 (2010) 239–250−23. Conserved CAAT-box sequences were located farther upstream
in the promoter sequence of CsCCD4a from−460 to−785 and at−70,
−252 and −587 in CsCCD4b. Potential regulatory elements were
identiﬁed upstream from the CCD4 gene using the PlantCare
databases [18], and included consensus sequences for the binding of
transcription factor proteins like Myb (ﬁve different consensus
sequences), several light response elements, heat stress elements,
low temperature response elements, and a salicylic acid-responsive-
element among others (Table 4). These elements were also identiﬁed in
the promoter regions fromM. truncatula, A. thaliana, B. rapa, C. papaya,
V. vinifera, S. lycopersicum, P. trichocarpa and Oryza (Table 4).
Spatial and temporal expression patterns of P-CsCCD4a::GUS in
transgenic Arabidopsis plants
To determine the spatial and temporal expression patterns of
CsCCD4a, we examined GUS staining in various tissues at different
developmental stages in 3-day-old, and 7-week-old ﬂowering
transgenic Arabidopsis plants. CsCCD4a Prom::GUS expression was
only observed in ﬂowers (Fig. 5A and B) and no signal was detected in
vegetative tissues (Fig. 5C and D) including stem and roots (data not
shown). GUS expression was not detected in immature ﬂower buds
before opening (data not shown) and expression increased when
ﬂowers were fully open (Fig. 5A). CsCCD4a Prom::GUS expression was
mainly detected in pollen and low staining was observed in stigmas,
style surface and sepals (Fig. 5B). The analysis of the CsCCD4a
promoter using the PLACE programme revealed the presence of
elements required for ﬂower expression: CARGATCONSENSUS with
the sequence CCWWWWWWGG; two different elements for pollen
expression: GTGANTG10, with the sequence GTGA repeated 8 times,
and POLLEN1LELAT52 with the sequence AGAAA repeated 6 times;
and for vascular expression: BS1EGCCR, with the sequence AGCGGG.
Discussion
In this paper, we have analysed CCD4 gene structure in relation to
CCD4 genes from related Crocus species and also from other plantFig. 5. Histochemical assay of GUS reporter gene in transgenic plants of Arabidopsis
driven by the CsCCD4a promoter. (A) Opening ﬂower. (B) Detail of the stigma surface.
(C) and (D) Leaves from a 35-day-old transgenic plant.species, revealing a history of intron loss and gain during the
evolution of these genes. In addition, we report the sequences of the
putative promoter regions of CsCCD4a and CsCCD4b genes, and a
functional evaluation of a 1400-bp genomic DNA fragment from the
CsCCD4a promoter.
Several CCD4 copies were found in more than 70% of the analysed
plant genomes. In addition to the CCD4 gene fragment found in Vitis,
gene fragments of CCD4were also identiﬁed in the same chromosome
in S. bicolor, and P. trichocarpa, indicating that these CCD4 duplicates
were pseudogenized (data not shown). The presence of a truncate
CCD4 gene in Crocus sativus suggests that this gene, probably
originally duplicated from CsCCD4a, suffered the same process.
Gene and genome duplications have been shown to be particularly
prominent in plant genomes and have greatly inﬂuenced their
organization and evolution [32–34]. Gene duplication is achieved via
whole-genome duplication or local tandem duplication. Tandem gene
duplication is mainly caused by unequal crossing over between
homologous chromosomes or through unequal crossing over. Gene
duplicates may get lost over time or if maintained these duplication
events have profound effects on gene function and regulation [35]. The
analysis of CCD4 gene sequence identity and chromosome location
suggested that mainly tandem and whole-genome duplication are
responsible for the presence of CCD4 copies in different plant species.
Furthermore, although the coding sequences of the CCD4 tandemly
duplicate genes, as do those found in M. truncatula and poplar are
relativelywell conserved, the upstream regulatory regions among these
CCD4 genes in each plant are highly divergent, except for the core
promoter near the translation start site of poplar andM. truncatulagenes
(Fig. S5). The data suggest that the expression of these duplicated genes
is likely to be regulated differently. Tandemly duplicated genes tend to
be rapidly diverged in expression [36], and duplicated genes are easily
released from original selection pressures, providing adaptive and
developmental novelty.
Promoter analysis showed the presence of several potential cis-
regulatory elements in CsCCD4a and CsCCD4b promoters and many
were found to be shared with other CCD4 gene promoter sequences
from Arabidopsis, O. sativa, S. lycopersicum, M. truncatula, V. vinifera
and B. rapa.
Genomic analysis amongdifferentCrocus species showeddifferences
in the presence of CCD4a and CCD4b alleles, as well as differences in
intronpresence. Absenceof oneof the twoallelesor thepresence of both
does not follow a species-speciﬁc pattern, as can be observed from the
analysis of different C. pallasi and C. hadriaticus populations. In these
populations, in addition to C. oreocreticus, Crocus sativus and C.
cartwrightianus, all belonging to the same series Crocus, we observed
the presence of the CCD4 alleles with the intron in the genomic
sequences. Interestingly, for the other Crocus species analysed, which
belong to the Longiﬂori, Kotschyani, Versicolores and Speciosi series, no
introns were detected in any of the populations analysed.
The early eukaryotic progenitor has been assumed to be intron rich
on the basis of the presence of introns in homologous positions of
orthologous genes of widely divergent eukaryotes [37]. In addition,
the presence of several introns in other plant and animal CCDs
suggests that the CCD gene ancestor was intron rich. The genes
included in CCD1, CCD7 and CCD8 gene families are all characterized
by the presence of several intronic sequences, and only in the related
NCED group are all the analysed genes intron-less [38]. In the intron-
containing CCD4 sequences, intron number and position were not
conserved among the CsCCD4 alleles. Taking into account that a wide
variety of green plants from vascular plants to enslaved algae show an
excess of intron loss over intron gain [39], the results obtained suggest
loss of introns in CCD4 sequences. Furthermore, the analysis of intron
number and position suggest the presence of an ancestral intron in
CCD4, lost in more than 89% of the available genomic sequences, but
still present in S. lycopersicum, C. morifolium, G. maxima and O. fragans.
However, with the available data it cannot be determined if that
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dicots, although it has not been detected in any monocot sequences.
Massive losses of ancestral introns have been postulated to have
occurred in select lineages, and it has been suggested that rates of
intron gain and loss have been declining in the past 1.3 billion years in
most eukaryotes, with a greater decline of gains than losses [40].
Furthermore, intron gain has been argued to be a rare event, with a
rate on the order of b4×10−6 per coding site per million years, which
is orders of magnitude lower than estimated rates of loss [41].
However, the other introns present in CsCCD4a and b, MdCCD4, along
with the ﬁrst intron of OfCCD4 seem not to be really conserved, if
assuming that an intron is conserved in two or more genes when it
occupies the same position in these genes [37]. In this context these
introns can be considered as newly gained introns. Further support for
this possibility came from the absence of this intron in CCD4
sequences from Crocus species that do not belong to the Crocus series,
in agreement with the fact that the rate of intron gain is so variable
between species [42].
There are at least three global mechanisms for the de novo origin of
intronpositions [43]: (i) transposition,whichwould includeduplication
of preexisting introns, even though this process is extremely rare;
(ii) insertion of intron-like transposons; and (iii) novel introns which
develop gradually via the optimisation of previously non-intronic
sequence. Thesemechanisms assume that (i) every new intron position
originates from a “formative” intron, (ii) formative introns derive from
introndonors elsewhere in the genome (including introns, transposons,
and exons), and (iii) formation of a novel intron position is
instantaneous. The CsCCD4 intronic sequence ﬁnds no signiﬁcant
BLAST hit within NCBI, excluding the second mechanism of intron
gain elements. Furthermore, a manual inspection of the sequence
ﬂanking this novel intron identiﬁed a single event reminiscent of
tandem duplication. Several recently discovered novel introns are
ﬂanked by short direct repeats [42,44]. These repeatsmay represent the
signature of nonhomologous end joining (NHEJ) after uneven double-
stranded breaks (DSBs), a process known to generate insertions ﬂanked
by direct repeats. In consideration of this, we note that the duplication
observed here may also be explained by a direct repeat ﬂanking a
sequence of unknown origin, suggesting the third mechanism as
responsible for the generation of this new intron in the Crocus series.
Recent studies have shown that intron number and average/total
intron length per gene have a signiﬁcant negative correlation with
expression levels inmonocot anddicotyledonousplants [45,46]. Various
hypotheses have been proposed to explain the detrimental nature of
introns with respect to gene expression. This could be associated to the
relative costs of introns, in terms of the kinetics of transcription and
splicing, which occur concurrently in the nucleus, where the splicing of
twoormore introns requiresmore time than transcription and becomes
rate limiting. Thus, transcripts that are modulated during stress, either
in increasing or decreasing levels under different conditions, are
signiﬁcantly under enriched for introns [47], as seems to be the case
for the stress-regulated NCEDs genes [38]. In addition, the CsCCD4a and
CsCCD4b genes have been shown to be regulated in leaves under
different stress conditions, in contrast to the CsCCD1 gene [7].
Several expression studies showed that CCD4 genes are preferen-
tially expressed in ﬂoral organs [6,48]. In Crocus sativus, the CsCCD4
genes have been detected in different ﬂower tissues, but both genes
were preferentially expressed in stigma, with this expression develop-
mentally regulated and associated to the accumulation of carotenoids
and apocarotenoids along the style and stigma [7]. In transgenic
Arabidopsisplants, GUS stainingwasmainly detected inpollen andweak
expression was observed in sepals, style and stigma tissues. Although
expression was restricted to ﬂower organs, the expression was not as
expected from the previously CsCCD4 expression in Crocus sativus. The
differences could be due to the different ﬂower organization of Crocus
sativus comparedwithA. thaliana. Theﬂower ofCrocus sativus consists of
six petaloid three tepals in whorl 1 (outer tepals) and three tepals inwhorl 2 (inner tepals), 3 stamens and a unique style divided into 3
stigmas. AmodiﬁedABCmodel has beenproposed to explain thisﬂower
morphology [49]. Therefore, the differences in the expression pattern
may be due to a different set of transcription regulatory factors
connected with the determinate architecture of Crocus sativus.
Nevertheless, promoters derived from monocot species often fail to
exhibit a regulated pattern of expression in transgenic dicots, due in
many cases to the absence of conserved trans-acting factors and cis-
acting elements that enable these promoters to be regulated in a tissue-
speciﬁc fashion in both dicots and monocots. Interestingly, the
phylogenetic analysis showed that the promoters of rice and saffron
CCD4 genes grouped together, and several conserved motifs were
clearly detected showinga one-to-one relationship, although changes in
spacingwere observed. However, thesemotifswere not sharedwith the
dicotyledonous CCD4 gene promoters, suggesting the presence of
speciﬁc cis-acting elements in these monocot promoters.
Conclusion
In conclusion, gene structures analyses suggest that the CCD4
family is highly dynamic, with relative recent changes found in the
Crocus sequences from series Crocus. The data presented provide an
overview for the CCD4 plant family, which can facilitate their
functional studies.
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